A new 19 F anisotropic-isotropic shift correlation experiment is described that operates with ultrafast MAS, resulting in good resolution of isotropic 19 F shifts in the detection dimension. The new experiment makes use of a recoupling sequence designed using symmetry principles that reintroduces the 19 F chemical shift anisotropy in the indirect dimension. The situations in which the new experiment is appropriate are discussed, and the 19 F shift anisotropy parameters in poly(difluoroethylene) (PVDF) are measured. In addition, similar recoupling sequences are shown to be effective for measuring 1 H -19 F distances via the heteronuclear dipolar interaction. This is demonstrated by application to a recently synthesized zirconium phosphonate material that contains one-dimensional chains linked by H -F hydrogen bonds.
Introduction
Measurements of chemical shift parameters in solids for abundant nuclei like 1 H and 19 F are challenging, because of the effects of strong homonuclear dipolar couplings, and for 1 H the difficulties are compounded by the relatively small 1 H chemical shift anisotropy (CSA). Nevertheless, several methods for measuring 1 H shift parameters in solids have been demonstrated recently, based on two-dimensional magic angle spinning (MAS) experiments that correlate the anisotropic and isotropic parts of the shift interaction. These distinguish the different 1 H sites in the detection dimension and reintroduce or "recouple" the MAS-averaged 1 H CSA during the evolution time. For example, Brouwer and Ripmeester 1 resolved the 1 H isotropic shifts in ν2 by a combination of moderate MAS (ωr/2π = 16 kHz) and multi-pulse homonuclear decoupling and used a recoupling sequence designed using symmetry principles 2,3 during t1. Hou et al. 4 optimized the resolution of 1 H sites by magnetization transfer to a neighbouring 15 N nucleus after recoupling the 1 H CSA in a similar fashion and measured the 1 H shift anisotropy parameters for the amide sites in 15 Nenriched proteins. Miah et al. 5 employed modified recoupling sequences suitable for use with "ultrafast" MAS (ωr/2π > 50 kHz), an approach that allows hydrogen-bonded sites in simple crystalline solids to be resolved in ν2 without the need for multi-pulse homonuclear decoupling. Duma et al. 6 used a similar method but with rotary resonance in ν1.
Resolution in 19 F spectra of solids can be similarly compromised by strong homonuclear dipolar interactions, but the range of chemical shifts observed for 19 F is significantly greater than for 1 H. In principle, the combination of fast MAS and spinning sideband analysis 7 allows the extraction of the shift parameters, especially when the CSA is large or at high B0 field. However, as noted previously, 8, 9 the MAS rate required to average the dipolar interactions is often so large that the spinning sideband intensities are low. Hence, measurements of the 19 F shift parameters in powders often rely on multiple-pulse homonuclear decoupling, 10 but this approach can be complicated by overlap between CSA powder patterns that result from different 19 F sites. In this communication, we demonstrate an alternative approach that is particularly suitable for systems containing several inequivalent 19 F nuclei. This is based on a 19 F anisotropic-isotropic shift correlation experiment that utilizes a symmetry-based recoupling sequence optimized for use with ultrafast MAS. We illustrate the utility of the new experiment by measurements of the 19 F shift parameters in poly(difluoroethylene) (PVDF). The recoupling sequences also reintroduce heteronuclear dipolar couplings, and we consider the effect of these on the recoupled 19 
Pulse Sequence Design
Levitt and co-workers 2,3 applied symmetry principles to the design of recoupling sequences that reintroduce specific nuclear spin interactions averaged by MAS. This work makes use of the most flexible class of symmetry-based recoupling sequences, designated , which consist of N composite inversion pulses R, timed to occupy n rotor periods. Each R element of the overall sequence has duration and alternate elements have phases . It has been shown 2 that the symmetry numbers N, n and ν determine which interactions are retained in the first-order effective Hamiltonian for the sequence according to: 11 (1)
where A' is a rank-l irreducible spherical tensor operator describing the spatial part of the interaction Hamiltonian in the rotor frame, and T is a rank-λ irreducible spherical tensor operator describing the spin part in the laboratory frame. The rotational components of the spatial and spin tensors m and μ take values m = l, l -1, … -l and μ = λ, λ -1, … -λ, respectively, and is any integer with the same parity as λ. The scaling factor describes the reduction in magnitude of the symmetry-allowed interaction that is an inevitable consequence of recoupling, and the Euler angle describes the orientation of the rotor with respect to the laboratory frame at time t0.
Recoupling sequences suitable for measuring shift parameters result in a transverse single-quantum
Hamiltonian that takes the form (2) to first order, where the index j runs over all chemical shift interactions. In the interaction frame of a single resonant rf field the rotational components of the spin and spatial parts of the heteronuclear dipolar coupling are identical to those for the CSA. Therefore, all the symmetries described above reintroduce the heteronuclear dipolar coupling in addition to the 19 F CSA, apparently making the method unsuitable for measuring 19 F shift parameters in the presence an abundant heteronucleus, such as 1 H. One solution to this problem is to apply the recoupling sequence simultaneously to both the 19 F and 1 H channels. 13 However, in practice this is often not necessary for 19 
Experimental
The pulse sequence used to record 19 F anisotropic-isotropic shift correlation spectra has been described previously in Ref. [5] . As discussed above, a R12 The anisotropy and asymmetry parameters for the chemical shift are defined according to ζ = δzz -δiso and η = (δyy -δxx)/ζ, respectively, with the principal components ordered according to |δzz -δiso |  |δxx -δiso |  |δyy -δiso |. Numerical simulations of the recoupled 19 F CSA lineshapes were performed using SIMPSON. 14 Powder averaging was achieved using 615 (α,β) orientations chosen according to the scheme of Zaremba 15 and 5 uniformly distributed values of γ. Where appropriate B1 inhomogeneity was included by summing 13 simulations carried out using rf amplitudes weighted according to the experimentally determined B1 distribution, as described in Ref. [5] .
To extract the 19 F CSA an array of these simulated lineshapes was generated for a suitable range of ζ values and η between 0.0 to 1.0, and the 19 F shift anisotropy parameters were extracted by comparing these with the experimental data, using a similar method to that described in Ref.
[1]. For each simulated lineshape the optimal scaling was found by fitting to the experimental data, and the corresponding χ 2 parameter was plotted as a function of ζ and η. The resulting error surface allows the best-fit values of ζ and η to be obtained, as well as their confidence limits, assuming χ 2 is suitably normalized. 16 A similar procedure was followed in order to obtain 1 H -19 F distances from heteronuclear dipolar couplings measured using a 1 H anisotropic-isotropic shift correlation, except that in this case both the 1 H shift parameters and the 1 H -19 F couplings determine the recoupled lineshape. More details of how the resulting multi-dimensional error surface was explored in the case described here are given below.
Results and Discussion

F Shift Parameters
To illustrate the problems of measuring 19 respectively. Two further peaks are evident around -115 ppm that result from regio-irregular tail-to-tail and head-to-head polymerization. 18 Note that the spectrum in Figure 1 (a) closely resembles that recorded previously 19 for a sample containing the pure α form, suggesting that the PVDF powder used in this work contains only a small proportion of the β polymorph.
As discussed above, in principle the 19 F CSA can be extracted by analysis of the spinning sidebands observed at more moderate MAS rates. In practice this approach is complicated by the need to balance the conflicting MAS requirements of optimizing spectral resolution and preserving sufficient sidebands for analysis, as well as by overlap between spinning sidebands. This is illustrated in the 25 kHz MAS spectrum (b), which shows a significant decrease in the resolution of the three main isotropic lines between -80 and -100 ppm. Although the 19 F shift parameters can be extracted from the spinning sidebands observed at this more moderate MAS rate, these are too few in number for an accurate analysis. Spectra recorded at MAS rates below 25 kHz suffer from overlap between the sidebands and the regio-irregular isotropic peaks around -115 ppm. Table 1 , and the error surfaces with respect to ζ and η are shown in the Supplementary Information ( Figure S1 ). In common with other similar sequences the sign of ζ cannot be determined because of the symmetry of the recoupled CSA lineshape, and in practice the error in η is significant due to the effect of B1 inhomogeneity (see Supplementary Information Figure S2 ). The 19 F shift parameters for the two crystalline sites of the α form of PVDF have been measured previously from a -filtered spectrum recorded with ωr/2π = 15 kHz. 19 Almost identical shift anisotropies (ζ = 111 and 106 ppm for the lines at δiso = -82.5 and -97.0 ppm, respectively) were obtained for the two sites, and the agreement with the current values is good. The 19 F shift parameters for amorphous PVDF have also been measured previously, in this case from a somewhat distorted spectrum obtained using multiple-pulse homonuclear decoupling. 9 That work gives an estimate of ζ = 41 ppm, and in this case the agreement with the current values is poor. However, it should be noted that the parameters in Table 1 can be used to simulate the 19 F MAS spectrum recorded at 25 kHz, as shown in Figure 1 . The anisotropic-isotropic correlation spectrum in Figure 2 also allows the 19 F shift parameters for the regioirregular sites to be determined. Previously these sites were shown to be preferentially located in the mobile regions of semi-crystalline PVDF, 19 but the shift parameters in Table 1 are similar to those obtained for the more rigid crystalline sites. This suggests either that the recoupling sequence suppresses the more mobile contributions or that the mobile regions are comparatively dilute in the PVDF powder used in this work. Table 1 ).
The glass transition temperature for PVDF is 240 K, so that at ambient temperature some motional averaging of the 19 F CSA can be expected in the amorphous domains, especially given the additional sample heating resulting from ultrafast MAS. These motional effects are responsible for the reduced value of ζ measured for the amorphous line at -92 ppm, but they have not been explicitly included in the lineshape simulations. inhomogeneity. In (a) dHF = 8.5 kHz and ζ varies, demonstrating that the recoupled lineshapes are sensitive to the 19 F CSA, while in (b) ζ = 105 ppm and dHF varies. Apart from a slight broadening that is largely masked by the effects of B1 inhomogeneity increasing dHF has no effect on the spectrum, suggesting that 1 H - 19 F dipolar couplings can be neglected in this case. The 19 F Larmor frequency was 564.7 MHz, the MAS rate was 65 kHz. The t1 interferogram was sampled every 4 R elements, resulting in a dwell time of 25.64 µs. In these simulations the B1 profile was a Gaussian with σ = 8%. -116.0 117 ± 10 0.1 ± 0.2
[1] More precise values for δiso are given in Ref. [17] .
[2] 95% confidence limit for η extends from 0 to 1.
H -
19
F Distances
Since single-channel sequences reintroduce heteronuclear dipolar couplings in addition to the CSA, they can also be used to measure 1 H -19 F dipolar couplings. As discussed above, for 19 F the relatively large CSA dominates the recoupled lineshape, and in the case of PVDF the 1 H -19 F dipolar interactions can be neglected. Therefore, where the 1 H -19 F coupling is the object of the measurement, applying the sequence to 1 H, for which the CSA is an order of magnitude smaller, is a more effective approach. This is illustrated here by a study of hydrogen bonding in a novel zirconium phosphonate with one-dimensional chains of ZrO3F3 octahedra and PO3C tetrahedra. 22 This was synthesized by reacting a novel phosphonocarboxylate ligand made from diethyl 2-bromoethylphosphonic and 4-carboxypyridine (isonicotinic acid) with zirconium in hydrofluoric acid. In the phosphonate (designated sample 1 in Ref. [22] Information Figure S4 ). In addition, 1 H decoupling can be applied to remove the effects of the substantial 1 H -19 F dipolar coupling from the spectrum. In this regime the 19 F anisotropic-isotropic shift correlation discussed here is not the most appropriate method to measure the 19 F shift parameters.
Conclusion
A new 19 F anisotropic-isotropic shift correlation experiment was described that operates with ultrafast MAS, resulting in good resolution of isotropic shifts in the detection dimension, especially in combination with relatively high B0 fields. A recoupling sequence is required to reintroduce the 19 F CSA in the indirect dimension, but the symmetry numbers must be carefully chosen in order to avoid high rf amplitudes and care must be taken to avoid aliasing the broad recoupled patterns owing to the relatively large shift anisotropy. A R12 5 4 sequence was found to be an appropriate choice for measuring 19 
